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a b s t r a c t
A spatially resolved microluminescence technique was used to measure the spatial distribution of emit-
ted light and photon propagation into two different Pr3+ doped phosphate glasses. The photon diffusion
length for speciﬁc wavelengths was measured. It was found that excited state re-absorption plays a cru-
cial role in the propagation. Our results suggest that this microluminescence technique can be applied in
the investigation of energy transfer processes in rare-earth doped systems.
 2014 Elsevier B.V. All rights reserved.
1. Introduction
The luminescence properties of the trivalent praseodymium ion
have been studied in many glasses and crystalline matrices, since it
has the ability to emit radiations from the visible to the near infra-
red through electronic transitions between 4f levels [1]. This allows
various applications in optical devices and the possibility of appli-
cations as active media in solid-state lasers, taking into account the
large number of excitation and de-excitation channels [2,3]. For the
development of these devices, it is necessary to understand the
energy transfer processes between the ions. Indeed, energy trans-
fers between Pr3+ ions have been already observed to occur in
many different matrices: they are responsible for the luminescence
concentration quenching of the main 1D2 and 3P0 emitting levels
[3–6].
We report here the spectroscopic properties of the two
Pr3+-doped phosphate glass matrices: PANK (P2O5Al2O3Na2OK2O)
and PAN (P2O5Al2O3Na2O). These phosphate glasses were
designed to improve their thermal stability and chemical durabil-
ity [7]. They are able to accept large amounts of rare-earth dopants
[8]. Although many studies have been reported on the luminescent
properties of Pr3+ in several phosphate glasses [9], to our knowl-
edge, there has been no report on the optical characterization of
the Pr3+ doped phosphate glasses PANK and PAN. The thermal
and optical properties of these matrices were previously investi-
gated and quantiﬁed by using the thermal lens (TL) technique
and the Judd–Ofelt analysis [10,11]. In this paper, we more partic-
ular focus on the emission spectra and the ﬂuorescence lifetimes of
the Pr3+emitting levels as a function of the dopant concentration.
Moreover, we establish the correlation between these results and
the evolution of the emitted photons propagation, which is also
connected to the underlying energy transfer processes.
2. Experimental
The samples were synthesized by using the fusion method.
The nominal composition of the phosphate glass matrices
was 40P2O520Al2O335Na2O5K2O (in mol%) for PANK and
40P2O520Al2O340Na2O (in mol%) for PAN. Reagent grade powder
of P2O5 (99.9%), Al2O3 (99.5%), Na2CO3 (99.5%) and K2CO3 (99%)
were used as raw materials for PANK and P2O5 (99.9%), Al2O3
(99.5%), and Na2CO3 (99.5%) were used for PAN. The powder
mixtures were melted into porcelain crucibles in a rich carbon
atmosphere at 1350 C for 30 min. Afterwards the melts were rap-
idly cooled between graphite plates in an oven at 250 C. The
resulting platelets were heated at 350 C for 48 h to remove
internal stresses. Both matrices were doped with praseodymium
dioxide XPr6O11 (99.9%), with X (wt%) = 1; 2; 3; 4; 5; 6; 7; 8; 9;
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10 for PANK and X (wt%) = 0.5; 1; 1.5; 2; 2.5; 3; 3.5; 4; 4.5; 5 for
PAN. The ﬁnal step was a ﬁne polishing up to optical quality.
In the microluminescence (ML) technique, the incident light
excites the rare-earth ions within a small surface area of the sam-
ple and the energy migrates outside this area by photon diffusion
processes. The quantum photon transport problem is quantiﬁed
in terms of the local density, n, inside the sample. This parameter
can be accessed analytically by using the relation nðrÞ ¼ ak0ðr=LDÞ
[12] where r is the radial coordinate, a is a constant, k0 is the zer-
oth-order modiﬁed Bessel function, LD ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2Ds
p
is the effective dif-
fusion length that describes the mean distance the photon travels
before it is quenched, D is the diffusion constant, s is the effective
lifetime. However, as the zeroth order Bessel solution is described
by an inﬁnite series, it is usual to take the limit when r?1, where
n(r) is given by the asymptotic form:
nðrÞ ¼ n0 e
r=LD
ﬃﬃﬃﬃﬃﬃﬃﬃﬃ
r=LD
p ð1Þ
Here n0 is a constant and LD the only adjustable parameter. The
observed photoluminescence intensity is proportional to the con-
centration of excited ions. Since n is proportional to the excited
ion concentration, it can be read directly from the luminescent spa-
tial proﬁle, which is a linear function of the excited ion concentra-
tion. Thus, Eq. (1) can be used to ﬁt this proﬁle and evaluate LD.
In Fig. 1 is shown the experimental setup used for the ML tech-
nique. Here, as a source of excitation we used a 5 mW Ar+ ion laser
operating at 457 nm, the one was focused by a microscope objec-
tive (10) onto a micro-sized spot on the glass surface. The inci-
dent intensity was controlled by neutral density ﬁlters. The
resulting luminescence was then collected by the same objective
and directed to a spatial scanning system. Scanning was performed
in the image plane by using an optical ﬁber mounted over a trans-
lation stage. Usually the image formed is magniﬁed by one order of
magnitude. This allows an enhancement in the spatial scan resolu-
tion. In this work, a 2.0 lm spatial resolution was achieved using a
50 lm diameter optical ﬁber. Finally, the luminescence was
chopped, ﬁltered (with an interference ﬁlter to eliminate the laser
signal) and analyzed by a spectrometer. It is worth mentioning that
the scanned luminescence was centered in the excitation laser spot
to facilitate the data analysis. A lock-in ampliﬁer is used to extract
the detected signal.
The lifetime measurements were performed by using an OPO
(Optical Parametric Oscillator) laser pumped by the third harmonic
of a Nd:YAG laser with a 8 ns laser pulse width. The excitation
wavelength used was 445 nm. The luminescence coming from both
3P0 and 1D2 levels was monitored by using standard monochroma-
tor (Oriel model 77200) and photomultiplier (Hamamatsu model R
3896).
3. Results and discussions
Fig. 2 shows the emission spectra of the PANK and PAN glasses
pumped at 457 nm (3H4? 3P2). Around 600 nm, one can observe
that the 1D2? 3H4 emission is dominant at low concentration. As
the Pr3+ ion concentration increases, the 1D2 emission decreases
and the 3P0 emission at 607 nm (3P0? 3H6), which was hidden
by the 1D2 emission, appears. The other peaks are all due to emis-
sions from the 3P0 level and show that the intensity increases, from
1 to 2 wt% but then remains approximately constant with the dop-
ant concentration.
To understand this result and to obtain additional information
concerning the luminescence properties, lifetime measurements
of the 3P0 and 1D2 levels were performed as a function of dopant
concentration. The evolutions of both emission lifetimes as a func-
tion of Pr3+ concentration are shown in Fig. 3.
As can be seen in Fig. 3(a) and (b) the lifetime of the 3P0 emis-
sion (exponential decays) presents a variation with the dopant
concentration of 15% for PAN and 29% for PANK, whereas for
the 1D2 level lifetime, Fig. 3(c) and (d), (measured in the long time
portion of the non-exponential decays) the variation is approxi-
mately of 92% for PAN and 85% for PANK. This indicates that the
3P0 emission is more subject to non-radiative relaxation than the
1D2 emission, but that the 1D2 emission is more strongly affected
by nonradiative energy transfers than the 3P0 emission. In fact,
the 1D2 level can be populated through direct 3P0 multiphonon
decay or by (3P0, 3H6)? (3H4, 1D2) cross-relaxation [13–15]. There-
fore, the lifetime of this 1D2 emitting level is essentially governed
by radiative decay, multiphonon decay to the 1G4 level and other
nonradiative processes. Since the energy gap between the 1D2
and 1G4 levels (7000 cm1) is about 6 times larger than the host
phonon energy (1200 cm1 for phosphate glasses [16]), the mul-
tiphonon decay can be considered as negligible. So, two different
nonradiative energy transfer processes can be possibly taking place
to decrease the 1D2 emission: cross-relaxation and energy migra-
tion. The two known routes for the 1D2 depopulation are: (1D2,
3H4)? (1G4, 3F4) and (1D2, 3H4)? (3F4, 1G4) [13,15]. At this point,
however, it is not possible to determine which route is the most
probable.
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Fig. 1. Experimental setup for the spatially resolved microluminescence technique.
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It is expected that the photons emitted by the Pr3+ ions travel
longer distances when the sample presents strong energy migra-
tion processes. This hypothesis can be tested by using the ML tech-
nique. In this case, the ML measurements were performed at the
three different emission wavelengths of 490 nm, 608 nm and
642 nm, which correspond to the transitions 3P0? 3H4,
1D2? 3H4 + 3P0? 3H6, 3P0? 3F2, respectively.
In Fig. 4 it is reported the radial distribution of the emission
intensity at 608 nm, for the 2 wt% Pr3+ doped PANK and PAN sam-
ples. Both data were ﬁtted by Eq. (1), and it was found
LD = (16.7 ± 0.5) lm for PAN and LD = (21.6 ± 0.5) lm for PANK.
The evolutions of the effective diffusion lengths determined for
all the studied emission wavelengths as a function of the dopant
concentration are presented in Fig. 5, for both Pr3+ doped PANK
and PAN glasses. As shown in Fig. 5(a) and (b), for the 3P0 emission
peaks around 490 nm and 642 nm, LD is increasing up to about
3.5 wt% Pr3+ and it is slowly decreasing. For the emission at
490 nm, the observed behavior can be ascribed to ground-state
re-absorption back to the 3P0 level. On the other hand, for the emis-
sion at 642 nm, where no ground-state absorption occurs, the LD
behavior as a function of concentration (similar to that at
490 nm) may be an indication of an excited state re-absorption.
Complementary experiments should be performed, in the future,
in order to clarify this point. However, it is important to notice that
for both emissions LD presents the same behavior: an initial
increase and a subsequent decrease with the Pr3+ concentration.
Actually, at low dopant concentrations, where energy transfer pro-
cesses are negligible, the probability of multiple absorption/re-
emission of the pump energy increases with concentration. This
leads to increasing LD values. But, above a certain concentration
limit, the energy transfer processes between the Pr3+ ions should
be taken into account. Indeed, these processes are non-radiative
de-excitation channels that lead to a spatial quenching of the lumi-
nescence, and therefore to decreasing LD values. This behavior was
previously observed in neodymium and erbium doped materials
[17,18].
For the emission at 608 nm, as reported in Fig. 5(c), it can be
noticed that LD increases with concentration up to about 5 wt%
Pr3+ for both types of glasses. However, at this wavelength the
luminescence comes from the 1D2 and 3P0 levels simultaneously.
Haigui et al. demonstrated [1], in the Pr:ZBLAN ﬂuoride glass, that
the population decay of the 1D2 emitting level is more sensitive to
the dopant concentration than the 3P0 emitting one. The same
behavior was observed for the Pr3+-doped PAN and PANK glasses,
as can be seen in Fig. 3. Indeed, the increasing Pr3+ concentration
enhanced the 3P0 emission while it quenched the 1D2 emission.
Therefore, the evolution of LD with the dopant concentration, as
shown in Fig. 5(c), can be ascribed to the sum of the two emissions.
In particular, the value of LD for the 608 nm emission at 5 wt% Pr3+
is about the same as for the 490 nm and 642 nm ones, thus indicat-
ing that the 1D2 emission is present, although it is not dominant.
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Fig. 2. Emission spectra of Pr3+ doped PANK and PAN.
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Above about 5 wt% Pr3+, LD starts to decrease for the PANK matrix.
It can be seen that LD is maximum at a higher concentration than
that found for the 490 nm and 642 nm emissions. The decreasing
LD value is due to the weak ground-state absorption at this wave-
length (considering that the 1D2 emission is centered at 600 nm, as
shown in the inset of Fig. 2). The same behavior can be expected for
the PAN matrix at high dopant concentrations.
As for all the investigated emission wavelengths, it was always
found a decrease in LD at high dopant concentrations, it is likely
that the cross-relaxation overcome the energy migration processes
for both Pr-doped PAN of PANK glasses.
4. Conclusions
In summary, spatially and temporal evidences of energy trans-
fer processes, in both Pr-doped PANK and PAN glasses, were
observed using lifetime and micro-luminescence measurements.
Lifetime measurements were performed for both emitting 3P0
and 1D2 emitting levels, for different Pr3+ ion concentrations, while
the photon diffusion lengths were determined for three speciﬁc
emission wavelengths. It was found that ground- and excited-state
re-absorption play a crucial role in the photon migration, results
which are supported by the lifetime measurements performed
for the corresponding emitting levels.
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